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1 .  INTRODUCTION 
The overa l l  purpose of t h i s  program i s  t o  ascer ta in  the naturs of the  
defec t s  responsible f o r  the  degradation i n  output of s i l i con  devices ( so l a r  
c e l l s )  i r r ad i a t ed  by space radiat ion.  When the  nature of the  defects  and 
t h e i r  annealing mechanisms a r e  known, it w i l l  be possible (1 )  t o  determine 
t he  parameters t h a t  w i l l  lead t o  development of radiation-hardened devices,  
(2)  t o  predic t  the  e f f ec t s  of radia t ion and annealing on s o l a r  c e l l s ,  and 
(3) t o  make use of computer programs t o  predict  radiat ion e f f e c t s  i n  s o l a r  
c e l l s  on extended space f l i g h t s .  
The present e f f o r t  is  concentrated on the  study of the  e f f e c t s  of 
l i thium on the production and annealing of damage in s i l icon.  This work 
i s  being perf onned on l i thium-diff  used bulk s i l i con  using measurements 
such a s  minority-carrier  l i fe t ime,  electron-spin resonance (ESR) , elec-  
t r i c a l  conductivity, and infrared absorption. The temperature range from 
77.5' t o  4 . 0 0 ~ ~  i s  under invest igat ion.  The damage i s  introduced by 30- 
MeV elect rons  and f i s s i o n  neutrons. 
2. TECHNICAL DISCUSSION 
2.1  MINORITY-CARRIER LIFETIME 
During t h i s  quarter ,  minority-carrier  l i fe t ime s tudies  have been per- 
formed on 30-MeV elect ron- i r radia ted lithium-diffused high-purity quartz- 
crucible (QC) s i l i con .  A 60-ohm-cm s i l i con  boule was purchased from Wacker 
Chemical Company. 
Figure 1 shows the minority-carrier  l i fe t ime temperature dependence of 
the  s t a r t i ng  mater ia l .  This temperature dependence indicates  recombination 
10 due t o  about 4 x 10 /cc a t t r a c t i v e  centers  f a r t he r  than 0.4 eV from a band 
edge. Two-millimeter-thick s l i c e s  of siLicon were lithium-dif f used by 
the  l i th ium-oi l  paint-on technique and redis t r ibuted t o  a uniform donor den- 
15 s i t y  of about 2 x 10 /CC,  a s  determined by r e s i s t i v i t y ( 2 )  and Hal l  e f f e c t  
measurements. The r e s i s t i v i t y  of these samples was about 2 ohm-cm. 
That the 60-ohm-cm mater ia l  ac tua l ly  contained oxygen was ve r i f i ed  by 
infrared absorption measurements of the 9-pm absorption band due t o  oxygen. ( 3 )  
4 Only a small 9-pm l a t t i c e  band was observed i n  the 10 -ohm-cm and 0.4-ohm-cm 
f loat-zone (FZ) s i l i con  previously used i n  l i fe t ime and ESR measurements. 
Figure 2 shows a family of curves of minority-carrier  l i f e t ime  f o r  the 
2-ohm-cm lithium-diffused QC s i l i con  versus temperature including pre i r rad i -  
a t ion ,  post i r radia t ion,  and postirradiation-postannealmeasurements. These 
l i fe t ime  temperature dependences can be a t t r ibu ted  t o  recombination through 
a t t r a c t i v e  centers more than 0.35 eV from a band edge. I f  t he  capture cross 
sections of ki.~'~) are used, the  prei r radia t ion l i fe t ime indicates  about 
- 
6 x lolo centers/cc, r i s i ng  t o  about 5 x 1011 centers/cc a f t e r  i r r ad i a t i on  
11 to  a fluence of 2.6 x lox2 e/cm2 and dropping t o  about 1 .2  x 10 /cc a f t e r  
a 25-minute anneal a t  385 '~ .  For the sample shown i n  Fig. 2, the room tem- 
perature minority-carrier  l i f e t ime  degradation ccnstant was found t o  be K = 
-8 2 3.9 ?C 0.3 x PO cm /e-sec, which i s  comparable t o  both diffused and non- 
diffused s i l i con  of s imilar  r e s i s t i v i t y .  
Figure 3 i s  a p lo t  of inverse l i fe t ime versus fluence f o r  another 2- 
ohm-cm sample, showing 3 0 0 ~ ~  l i fe t ime degradation and anneal. For t h i s  
Fig. 1. Temperature dependence of minority-carrier l i fe t ime 
f o r  60-ohm-cm quartz-crucible s i l i con  (not 1,ithium- 
di f fused)  
0 Prei rradiation 
V After 2.7 x 1012 e/crn2 at 300°K 
0 After 25-minute anneal at 3 8 5 ' ~  
Fig. 2. Temperature dependence of minor i ty-carr ier  l i f e t ime  f o r  a  
2-ohm-cm li thium-diff  used quartz-cruc i b l e  s i l i c o n  sample, 
before and a f t e r  i r r a d i a t i o n  with 2.7 x 1012 e/cm2 30-MeV 
e lec t rons  a t  300°K and a f t e r  a 25-minute anneal  a t  385°K 
Fig. 3. Inverse minority-carrier  l i fe t ime versus 30-MeV elect ron fluence 
f o r  a 2-ohm-cm quartz -crucible s i l i con  sample i r rad ia ted  a t  3 0 0 " ~ ;  
fsochronal annealed a t  385" t o  3 9 0 " ~  f o r  25 t o  30 minutes 
-8 2 
sample, the degradation constant was K = 4.5 f 0.3 x 10 cm /e-sec. One 
sample was a l s o  i r r ad i a t ed  a t  112' and 217°K. 
Figure 4 shows the  minority-carrier  l i fe t ime temperature dependence 
before and a f t e r  i r r ad i a t i on  a t  1 1 2 ' ~ .  Also shown i s  the l i fe t ime temper- 
a tu re  dependence a f t e r  a 30-minute, 3 9 0 " ~  anneal. Again, the l i fe t ime 
temperature dependence can be a t t r i bu t ed  t o  a t t r a c t i v e  deep recombination 
centers.  From these measurements, a defect  center  introduction r a t e  of 
0.15 cm-I i s  estimated, i f  Lau's cross section(') i s  assumed, f o r  i r r ad i a -  
t ions  with 30-MeV elect rons  a t  a l l  temperatures between 100" and 3 0 0 ' ~ .  
To determine the  annealing behavior of these samples, both isochronal and 
isothermal anneals were performed a f t e r  room- temperature i r rad ia t ion .  
Figure 5 shows a family of curves representing the  unannealed f r ac -  
t i o n  of annealable defects  versus anneal time f o r  isothermal anneals a t  
385 ', 395 ', and 4 1 1 " ~ .  Figure 6 shows the unanneakd f rac t ion  of anneal- 
ab le  defects  versus anneal temperature f o r  5-minute isochronal anneals. 
I n  these  plots,  the defect  density i s  taken t o  be inversely proportional 
t o  the minority-carrier  l i fe t ime.  Isochronalanneals a r e  centered near 
375"K, and isochronal and isothermal anneals indicate  an act ivat ion energy 
f o r  anneal of about 0.65 k 0.20 eV. This act ivat ion energy i s  l e s s  than 
the 1.1 eV ant ic ipated f o r  lithium dif fus ion i n  oxygen-containing s i l icon,  
even though in f ra red  absorption measurements show the mater ia l  does contain  
considerable oxygen. Since there  i s  considerable experimental uncertainty 
i n  our annealing resu l t s ,  add i t iona l  annealing measurements a r e  planned. 
It i s  very in te res t ing  t h a t  the minority-carrier  l i fe t ime shows no 
evidence of the  Si-B1 (cxygen-vacancy) center,  although e lec  tron-spin 
resonance  measurement^(^) on a comparable lithium-diffused quartz-crucible 
sample (1016 ~ i / c c )  indicate  an introduction r a t e  of about 0.15 cm-l a f t e r  
2 
a 30-MeV e lec t ron  fluence of 5 x 1016 e/cm . I f  s i l i con  Si-B1 centers  were 
produced at that r a t e ,  t h e i r  e f f ec t  on the minority-carrier  l i fe t ime should 
be readi ly  apparent a t  temperatures below about 2 0 0 " ~ .  Thus, the present 
measurements indicate  the  Si-Bl center introduction r a t e  i n  these samples 
has been reduced by the presence of lithium. 
A possible explanation f o r  t h i s  i s  t ha t  the radiation-induced mobile 
vacancies, which a r e  negatively charged i n  n-type s i l i con ,  a re  captured by 
Fig. 4. Temperature dependence of minor i ty-carr ier  l i f e t ime  f o r  a  
2-ohm-cm oxygen-containing l i thium-diffused s i l i c o n  sample, 
before and a f t e r  i r r a d i a t i o n  with 2.7 x lox2 e/cm2 30-MeV 
e lec t rons  a t  1 1 2 ' ~ ,  and a f t e r  a  30-minute anneal a t  3 9 0 ~ ~  
ANNEAL T l ME (seconds) 
Fig. 5. Unannealed f r a c t i o n  of annealable recombination cen te r s  
versus anneal durat ion f o r  385 O ,  395 O ,  and 4 1 1 " ~  anneals 
a f t e r  30-MeV elec t ron i r r a d i a t i o n  a t  3 0 0 ' ~  
0 SAMPLE 8-31-70 
O SAMPLE 9-22-70 
- 
- 
340 360 3 80 400 420 440 
ANNEAL TEMPERATURE ( O K )  
Fig. 6 .  Unannealed f rac t ion  of annealable defects  f o r  5-minute isochronal 
anneals f o r  30-MeV e l ec t ron - i r~ad i a t ed  2-ohm-cm lithium-diffused 
quartz-crucible s i l i con  a t  300 K 
+ + 
t h e  pos i t ive ly  charged Li or  LiO donors ra ther  than by the neu t ra l  
oxygen present, and t h a t  the Si-B1 (oxygen-vacancy) i s  produced only 
when the  number of mobile vacancies produced approaches or  exceeds t he  
+ + 
number of Li and L i O  donors i n i t i a l l y  present. This suggests t h a t  
t h e  observed deep radiation-induced center  may be a lithium-vacancy o r  
lithium-oxygen-vacancy. 
Theoretical  calculat ions indicate  t ha t  one would expect about seven 
displaced atoms per  incident 30-MeV electron.  Since most of the vacancies 
produced never escape t h e i r  i n t e r s t i t i a l s ,  seven mobile vacancies per in-  
c ident  30-MeV elect ron i s  a gross overestimate. However, i n  the present 
1.5 measurements, t he  lithium donor densi ty  i s  estimated t o  be 2 x 10 /cc, 
and the  t o t a l  fluence t o  which the samples were exposed was cp .- 1 x LO 13 
2 
e/cm . Thus, the  lithium donor density exceeded the  t o t a l  number of d i s -  
placed atoms by a t  l e a s t  an order of magnitude. 
The obvious experiment t o  t e s t  t h i s  hypothesis i s  t o  increase the 
t o t a l  f  luence o r  decrease the i n i t i a l  lithium donor density i n  order t o  
see how the  introduction r a t e s  of the Si-B1 center and the  unidentif ied 
deep center  d e p n d  on the  r a t i o  of e lect ron fluence t o  lithium donor 
density.  
One fu r the r  remark would seem t o  be i n  order: I n  our previous inves- 
/ 
t i ga t i ons  on the  minority-carrier  l i f e t ime  i n  lithium-diffused float-zone 
s i l i con ,  we observed a center located near Ec - 0.17 eV, which i s  about 
where one expects the Si-B1 center .  We cannot def in i te ly  say t h i s  is  not 
the Si-B1 center, nor have we otherwise iden t i f i ed  t h i s  defect;  however, 
the  f a c t  t h a t  a defect  near Ec - 0.17 eV was observed i n  lithium-diffused 
f loat-zone ( low-oxygen) s i l i c  on even before i r rad ia t ion  and not i n  lithium- 
diffused quartz-crucible (hi&-oyygen) s i l i con  even-af te r  i r r ad i a t i on  sug- 
I 
g e s t s  t h a t  the center  near Ec - 0.17 eV i s  probably not the Si-Bl center.  
2.2 ELECTRON-SPIN RESONANCE 
The study of paramagnetic defect  centers  produced by 30-MeV elect ron 
i r r ad i a t i ons  continued during t h i s  report  period, with an annealing study. 
The charac te r i s t i cs  of the samples studied are l i s t e d  i n  Table 1. 
Table 1 
SA.MFL;ES USED I N  ESR STUDIES 
Introduction 
Sample Phosphorus Li thi  um Fluenc e ESR Rate 
Number ~ e n s i t ~ / c c  ~ e n s i t y l c c  (e/cm2 1 Center ( cm-l) 
Figures 7 and 8 indicate  the r e s u l t s  of 15-minute isochronal anneals a t  
e levated temperatures up t o  6 7 3 ' ~ .  Figure 7 indicates  the  change i n  room 
temperature r e s i s t i v i t y ,  which i s  inversely proportional to  c a r r i e r  concen- 
t r a t i o n ,  and Fig. 8 shows the  change i n  concentration of paramagnetic centers.  
Figure 7 indicates  a decreasing c a r r i e r  concentration a f t e r  15-minute anneals 
up t o  about 3 7 3 ' ~ )  followed by an increase a f t e r  15-minute anneals above 373 '~ .  
The rapid increase i n  c a r r i e r  concentration between 573' and 6 7 3 ' ~  i n  
the 1:1, Li :P (sample 18) mater ia l ,  a s  opposed t o  the 3:1, Li :P (sample 23) 
mater ia l ,  might be due t o  the  annealing of a l i thium-related defect  located 
below the ~ i - G 8  (phosphorus-vacancy) l e v e l  a t  0.4 eV. I n  non-lithium- 
di f fused s i l i con ,  the ~ i - ~ 8  center anneals between 373' and 473°K; however, 
a s  indicated i n  Fig. 8, a large  number of unidentif ied paramagnetic centers  
a r e  s t i l l  present a f t e r  15-minute anneals of from 473' t o  673'~. Unfortu- 
\ 
nately,  the resonance s ignal  produced by these centers does not have enough 
s t ructure  t o  allow iden t i f i ca t ion  with our 9.2 Gc spectrometer. 
In  Fig. 7, the decreasing c a r r i e r  concentration between 300' and 3 7 3 ' ~  
could be due t o  the creation of acceptors below E -- 0.4 eV. Such an increase 
w a s  previously observed i n  a St-Bl center study. The increase i n  c a r r i e r  
concentration between 373' and 6 7 3 ' ~  i s  due t o  the annealing of t h e  ~ i - G 8  
and perhaps other  deeper centers. Since an absolute measure of t he  number 
of paramagnetic defects observed by ESR techniques i s  d i f f  i c u l t ,  the  defect  
dens i t i e s  i n  Fig. 8 were normalized t o  the known number of phosphorus atoms 
t A Sample 20 
ANNEAL TEMPERATURE ( O K )  
Fig. 7. Resistivity after 15-minute isochronal anneals for 
lithium-diffused electron-irradiated silicon 
ISOCHRONAL ANNEAL 
L i  concen t ra t i on  i n  samples 19 and 20 
L i  concen t ra t i on  i n  samples 17 and 18 
6 phosphorus concent ra t ion  i n  samples 
17, 18, 19, and 20 
Samples 18, 19, 
Phosphorus- 
vacancy U n i d e n t i f i e d  
S i - G 8  d centers  
5 cen te rs  
C Spectrometer no i se  l e v e l  
273 373 4 73 573 673 
AMEAL TEMPERATURE ( O K )  
Fig.  8. Density of paramagnetic cen te r s  a f t e r  15-minute isochronal  
anneals  f o r  l i thium-diffused phosphorus-doped e lec t ron-  
i r r a d i a t e d  s i l i c o n  
i n i t l a w  present i n  the sample (as  determined by 4-probe r e s i s t i v i t y  
measurements). This assumes t h a t  S i - ~ 8  center production was i n  satura- 
t i o n  a t  fluences of 2 x 1017 e/cm2. The Si-& center introduction r a t e  
i s  believed t o  be approximately 0.1 cm-I f o r  30-MeV elect ron i r rad ia t ion .  
During t h i s  report ing period, we made an observation which explains a 
previously unexplained observation t ha t  the phosphorus donor ESR s ignal  was 
reduced by from 50 t o  90% by the  diffusion of lithium i n t o  phosphorus-doped 
s i l i con .  A nonirradiated, lithium-diffused, phosphorus-doped sample of 
the same mate r ia l  used i n  preparation of a l l  the ESR samples was examined 
+ 
f o r  an LiO resonance. A large  resonance, with g = 1.999 and l i n e  width 
+ 
a t  half maximum of 1.9 gauss, was discovered, suggesting a LiO density on 
t he  order of lox6 M0+/cm3. This resonance, generally believed t o  be due 
+ 
t o  LiO , has the same g value a s  the marker that i s  used t o  ca l ib ra te  the 
number of spins i n  the ESR samples. 
This resonance s igna l  i s  found only i n  the nonirradiated, lithium- 
diffused material ,  and i t s  strength is  about the same a s  the reference 
marker. Thus, a reexamination of previous data revealed t h a t  the apparent 
decrease i n  the phosphorus resonance upon lithium dif fus ion was ac tua l ly  
due t o  an enhanced marker s igna l  caused by the LiO resonance, and was not 
a c tua l l y  a decrease i n  the  concentration of paramagnetic phosphorus donors. 
2.3 INFRARFD ABSORPTION STUDY OF DIVACANCY ( ~ i - ~ 7 )  
Infrared absorption bands a t  1.8, 3.3, and 3.9 pm have been corre la ted 
wi th  the  divacancy. (6)  The bands which are  seen depend on the  Femi  l e v e l  
pos i t ion  a s  shown by Fan and Ramdas. (7) Figure 9 indicates  t h i s  dependence; 
the  shaded areas  indicate the range of F e m i  l e v e l  posit ion over which each 
band i s  seen. 
Two lithium-diffused op t ica l  samples and two nmdiffused control  samples 
4 
were p r e p a ~ ~  from 10 -ohm-cm f loat-zone s i l i con .  The sample dimensions were 
2 x 4 x 10 mm. The samples were diffused by the  paint-on technique t o  a 
l i thium donor densi ty  of about 5 x 1016 ~ i / c c .  They were i r rad ia ted  with 30- 
2 MeV elect rons  t o  a fluence of 2.5 x 1017 e/cm . The samples were immersed i n  
l i qu id  nitrogen during i r r ad i a t i on  and t h e i r  temperature never exceeded 150"~. 
Fig. 9. Divacancy model 
Af te r  i r rad ia t ion ,  the samples were transferred ( s t i l l  a t  77OK) t o  an  opt i -  
c a l  dewar and op t i ca l l y  scanned i n  a Perkin Elmer model112 double-pass 
prism spectrometer i n  the 1.1- t o  5-pm range. Both the  diffused and the  
nondiff used samples showed comparable absorption i n  the  1.75- t o  1. 8-pm 
region, a s  shown i n  Fig. 10. This absorption i s  a t t r i bu t ed  t o  the diva- 
cancy when the  Fermi l eve l  i s  below Ec - 0.21 eV. 
I n  an e f f o r t  t o  assure that no absorptions due t o  surface contamination 
were observed, the samples were warmed t o  room temperature and dried with 
d ry  nitrogen. On reexamination at 77"K, the  1.8-pm band i n  the lithium- 
di f fused sample was found t o  be g r ea t l y  reduced, and there  was enhanced 
absorption near 1 .4  and 1.65 pm. Annealing the samples below room tempera- 
t u r e  was impossible with the  equipment being used. The samples were then 
warmed t o  room temperature again  and immediately examined i n  the  L.1- t o  
2.5-pm region. After  l e s s  than 30 minutes a t  3C0°K, the 1.8-pm band had 
v i r t u a l l y  disappeared i n  t he  lithium-diffused sample and bands near 1.4 and 
1.65 pm had appeared. These bands have previously been observed by Young 
e t  a l .  (8) i n  l i thium-diff  used s i l i con .  The primary difference between t h i s  
invest igat ion and Young's i s  t h a t  Young i r rad ia ted  near 300°K ra ther  than 
near 150°K; hence, the  .1.8-~m divacancy band he observed was considerably 
l e s s  dense than the  one we observed. Young's samples had undergone 3 0 0 ' ~  
annealing before h i s  measurements commenced. Our simples were isochronally 
annealed f o r  1.5-minute periods i n  5 0 " ~  s teps  from -400" t o  -625°K. The r e -  
s u l t s  of t h i s  anneal a re  subs tan t ia l ly  i n  agreement with those of Young e t  a l .  
Fig. 10. 
WAVE LENGTH (urn) 
4 Relative t m n m i s s i o n  of high- u r i t y  PZ (10 ohm-cm) and high-puri ty 
Uthium-6iffused (n, = 5 x 1018 ~ i / c c )  FZ s i l i c o n  a f t e r  i r r a d i a t i o n  
with 2.5 x 1017 e/em2 (30 M ~ V )  a t  l e s s  than 1 5 0 " ~ .  Curves A and B 
a r e  normalized t o  the  tungsten l i g h t  source while the  o ther  curves 
a r e  normalized t o  transmission through a lo4 ohm-cm nonirradiated 
sample. The h i s t o r y  of the samples i s  given i n  Table 2.2. Resolu- 
i s  b e t t e r  than 0.02 pm. 
Yomg e t  a l .  a t t r i b u t e  the 1.4- and 1.65-bm bands t o  defect  complexes 
+ 
consist ing of one and two Li ions, respectively, which a re  trapped by a 
divacancy. 
It i s  c l e a r  from Fig. 10 t h a t  the Si-G7 anneals a t  much lower temper- 
a tu re  i n  lithium-diffused s i l i con  than i n  non-lithium-diffused s i l i con ;  i n  
nondiff used s i l i con ,  it enneals near 625 OK. 
Table 2 l i s t s  presents the  annealing h i s to ry  of the  samples used i n  
the  divacancy study. 
Table 2 
ANNEALING HISTORY OF SAMPLES USED I N  DIVACANCY STUDY 
Curve Sample Anneal Anneal 
Designation Temperature Temperature Duration 
Intermit tent  
during 
i r r ad i a t i on  
< 30 minutes 
12 hours 
15 minutes 
1 5  minutes 
15 minutes 
15 minutes 
15 minutes 
15 minutes 
3. COMPUTER SIMULATION 
3 .1  INTRODUCTION 
During t h i s  period, it was decided t h a t  questions ra ised by runs done 
t o  date lead t o  two more or l e s s  separate s e t s  of experiments. The f i rs t  
i s  one i n  which t h e  c e l l  i s  kept a s  simple as possible-step junction, uni- 
form generation leve l ,  uniform l i fe t imes but  with a high recombination 
region a t  the boundary t o  simulate a boundary condition of zero excess 
c a r r i e r  density.  These parameters w i l l  then be varied t o  ver i fy  whether 
we understand how important physical parameters determine the  e l e c t r i c a l  
charac te r i s t i cs  of the  c e l l .  I n i t i a l  s tages of t h i s  experiment as wel l  a s  
various t h e o r e t i c a l  considerations of the open c i r c u i t  voltage V a r e  
OC 
given i n  Section 3.3. 
The second experiment i s  t o  see whether the  parameters can be var ied 
t o  br ing the computed I - V  curve t o  more exact agreement with the  curve we 
have adopted a s  a prototype. This i s  the subject  of Section 3.4. 
Section 3.2 discusses the ww the l i fe t imes a r e  selected f o r  use i n  
t he  PN code. 
3.2 RJ3COMBINATION LIFETIMES 
The recombination r a t e  i n  t he  PN code i s  the  Shockley-Read ( l o )  expression 
where ni i s  t h e  i n t r i n s i c  c a r r i e r  density, 1.4 x 10" i n  s i l i con .  The 
dens i t i e s  p and % a r e  the c a r r i e r  dens i t i es  if the  Fermi l e v e l  were a t  the  F 
recombination energy l e v e l  E measured from the conduction band. We assume 
> R 
nondegeneracy and use 
where Nc i s  the e f fec t ive  density of s t a t e s ,  which i s  2.79 x 1019 i n  
s i l i c o n  a t  room temperature. The hole density i s  then found from the law 
of mass act ion : 
The term l i fe t ime  w i l l  be used subsequently t o  mean the low in jec t ion  
l e v e l  l i f e t imes  appearing i n  Eq. 1. 
I n  Eq. 4, N i s  the  density of recombination centers,  v i s  the  thermal velo- 
7 c i t y ,  and a i s  the capture cross section.  A nominal value of 10 cm/sec i s  
used f o r  v and the veloci ty  vn i s  then found from 
P' 
The spec i f ic  value 0.82 i s  obtained f r m  the  density-of-states masses. The 
value of t h e  cross  sections,  o, depends on whether the center  i s  charged o r  
neu t ra l  f o r  t h a t  pa r t i cu l a r  capture. I n  f a c t ,  near room temperature t he  
two cross sect ions  appear t o  d i f f e r  very l i t t l e ( n )  and, f o r  We following, 
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we have assumed them both t o  be equal t o  5 x 10 cm , i n  which case the 
l i fe t imes  w i l l  d i f f e r  only by the  ra t ion  0.82 of Eq. 5 .  
3.3 VALUE OF OPEN CIRCUIT VOLTAGE 
The shor t  c i r c u i t  current ,  I i s  universally a t t r i bu t ed  t o  the d i f -  
sc , 
fus ion  length; see, f o r  example, Eq. 3 of Wysocki and Rappaport. (12 
Is, = qg (Ln + Lp) 9 (6 
where q i s  the  e lect ronic  charge, g i s  the uniform generation ra te ,  and 
L = & ,  ( 7 )  
where D i s  the  d i f fus ion  constant and T i s  the  l i fe t ime.  In  Eq. 6, the  
20 
diffus ion lengths t h a t  en t e r  a r e  f o r  the  side where t ha t  c a r r i e r  i s  t he  
minority: L from the  p s ide ,  L from the n s ide .  Reference 12 a l s o  gives 
n P 
voc 
as 
V = kT log (I /I + 1) , 
0 C S C  0 
where I. i s  t h e  diode sa turat ion current ,  
According t o  Eq. 8, V w i l l  increase a s  I decreases, so ND, the doping on 0 C 0 
t he  n s ide ,  should be made large; but  t h i s  tack becomes of no a v a i l  a s  soon 
as ND i s  increased t o  the point where the  f i r s t  term i s  l a rge r  than t h e  
second. A t  t h i s  point, the doping of the base material ,  NA, must be 
increased . 
Another est imate of the open c i r c u i t  voltage can be made by arguing 
t h a t  the e lec t ron  density i n  the  base region, g~, ,  w i l l  f i l l  the conduction 
band up t o  an energy E given by P 
where q i s  the  Fermi l e v e l  on the  p side.  The density of e lect rons  i n  the  
P 
n region, ND, must s a t i s f y  an analogous r e l a t i on  
An expression r e l a t i n g  the  energies i s  found by dividing Eq. 10 by Eq. 11 t o  
f i n d  
~ T ~ / N ~  =  ex^ C - En +qn - % ) lkTI * (12) 
The di f ference i n  Fermi l eve l s  represents the energy gained by t r ans f e r r i ng  
a s ingle  e lect ron from one side t o  the  other;  i.e., it i s  Voc: 
The two populations of electrons,  while not  i n  thermody-namic equilibrium 
( i f  they were, qn = %), a r e  f r ee  t o  exchange e lect rons  across We junction, 
so they must both reach the same energy l e v e l  when t h a t  l e v e l  i s  referred t o  
the  same zero. This i s  i l l u s t r a t e d  i n  Fig, 11. The bottom of t he  band on 
t h e  n side i s  lowered by the  b u i l t - i n  voltage, Vb: 
The use of Eqs . 13 and 14  i n  Eq. 12 y ie lds  
V oc = Vb + kT log ( g r n / ~ D )  . 
Note t h a t  g.r /N i s  l e s s  than one f o r  a l l  p r a c t i c a l  cases, so Voc is  l e s s  
n D 
than Vb.  quati ti on 15 must become inval id  a s  gr /N approaches un i ty  because 
n D 
voc 
can never exceed Vb. ) 
Fig. 11. Diagram showing the r e l a t i v e  energies of c a r r i e r s  
across an nlp  so l a r  c e l l  junction 
A l imi ted t e s t  of Eq. 15 was made during t h i s  reporting period, with 
parameters a s  shown in  Table 3. The values of Voc computed by Eq. 1 5  a r e  
i den t i ca l  to the  values computed from Eq. 8. These a r e  compared t o  values 
Of Voc obtained from the PN code i n  Fig. 12. It i s  intended t o  obta in  I SC 
f o r  t h i s  case a d  t o  vary the l i fe t ime and doping l e v e l  t o  check i n  more 
d e t a i l  our understanding of how the physics behind the c e l l  operation deter-  
mines the e f f ic iency  and m a x i m u m  power output. This, i n  turn,  w i l l  he lp  us 
understand how the power I s  degraded a s  the c e l l  parameters are  modified by 
h d i a t i o n .  
- 
0 C q u t e d  by PN code 
GENERAT l ON RATE (pa i rs/cm2-sec) 
Fig. l2. Voc versus g f o r  run 310.1; N = 1018 ~ m - ~ ,  T = 7 psec, BT = 0.025 eV 
(nominal value f o r  room temperature) ; bu i l t - i n  voltage 0.74165 ; 
LO-ohm-cm base mater ia l  
Tbble 3 
STEP JUNCTION, PROBLEM 310.1 TO EXPU3RE V 
OC 
Doping ( ~ m - ~ )  T ( sec)  L (cm) LINT (cm 4 /sec ) 
-- 
N s ide  lox8 2.5 x 1.2 x 10 -4 4.8 x 10 -14 
P s ide  1.5 x 10 l5 5 . 0 ~ 1 0  -6 1.2 x low2 1.6 x 10-l2 
- - 
3.4 CONSTRUCTION OF A RUN TO OB!I!AIN A SPECIFIC I - V  CURVE 
The previous runs, such as reported i n  Fig. 7, p. 16 of Ref. 13, have 
had a Voc somewhat smaller than the prototype curve and an I somevhat larger .  
SC 
I n  constructing a new run t o  e f f ec t  changes i n  the  correct  d i rect ion,  it was 
a l s o  decided t o  employ a doping prof i l e  t h a t  i s  more r e a l i s t i c  than t h e  s tep  
used previously. The prof i l e  selected was a complimentary e r r o r  function 
such a s  would be obtained by holding the  donor concentration a t  the f r o n t  
surface equal  t o  10' cm-3 long enough t o  di f fuse  a junction t o  a depth of 
112 pm. The l i fe t imes  i n  the  n region were chosen by supposing t h a t  the  
donors a c t  a s  the  dominant recombination center.  Thus, N i s  equal t o  N i n  
I 
- 11 D 
Eq. 4; t h i s  r e su l t s  i n  l i fe t imes t h a t  vary f ran  10 see a t  the surface t o  
- 
about sec a t  the junction. A phosphorus donor has an energy l e v e l  E of R 
Ec - 0.45 eV. Equation 2 then y ie lds  an n of 4.7 x 1018 cme3. I n  t he  base, 
a 10-ohm-cm mater ia l  with NA = 1.5 x loL5 zm-3 i s  again used. It was estimated 
t h a t  the current should be decreased somewhat. Equations 6 and 7 s t a t e  Cnat 
t h i s  can be done by decreasing the l ifet ime. The value of T~ i n  the base re-  
gion was taken t o  be 1.3 psec. The base region recombination center i s  assumed 
10 -3 t o  be near the  middle of the  band gap, with 2. 3 1.4 x 10 cm . 
The I - V  curve generated by t h i s  new cell, (ca l led problem No. 706 . l )  i s  
shown i n  Fig. 13. I t s  current  I i s  la rger  and i t s  V smaller than the de- 
sc OC 
s i r ed  values. On the  b a s i s  of run 706.1, it appears t h a t  very good agreement 
w i l l  be achieved by lowering the  l i fe t ime i n  t h e  base t o  decrease I and by 
SC ' 
increasing t he  doping i n  t he  base t o  increase V . In  the l a t t e r  case,  we 
0 C 
assume t h a t  the base mater ia l  r e s i s t i v i t y  i s  a c t m l l y  somewhat lower than i t s  
nominal value of 10 ohm-cm . 
0 0.1 0.2 0.3 0.4 0.5 0.6 
VOLTAGE 
Fig. 13. Computer-generated solar cell l - V  output for run 706 .l 
(cell parameters are described in text) 
4. PLANS IDR !Ell3 NEXT REPORTING PERIOD 
Minorify-carrier  l i fe t ime s tudies  of lithium-diffused crucible-grown 
s i l i c o n  w i l l  continue. Emphasis w i l l  be placed on l i fe t ime temperature de- 
pendence of e lect ron- i r radia ted lithium-diffused quartz-crucible s i l i c o n  
and annealing k ine t ics .  Par t icular  a t t en t ion  w i l l  be paid t o  the e f f ec t  of 
lithium on the  production and anneal of Si-B1 centers. A neutron i r rad ia -  
t i on  i s  planned a s  soon a s  time on t he  accelera tor  pulsed f a s t  assembw 
(APFA) i s  assigned. Computer simulation of so l a r  c e l l  charac te r i s t i cs  w i l l  
continue . 
5.  NEW TECHNOLOGY 
No new technology i s  current ly  being developed or  employed i n  t h i s  
program. 
During t h i s  period, papers describing work performed under t h i s  con- 
t r a c t  were presented by J. A. Naber a t  the  1970 In te rna t iona l  Conference on 
Radiation Effects  i n  Semiconductors a t  the  Sta te  University of New Yo&, 
and by B. C .  Passenheim at the  Eighth Photovoltaic Spec ia l i s t s  Conference, 
Sea t t l e  . 
Work on minor i ty-carr ier  l i fe t ime,  electron-spin resonance, s tudies  of 
l i t h im-d i f fu sed  s i l icon,  and computer simulation of s o l a r  c e l l  outputs has 
continued. P a r t i a l  r e s u l t s  of the investigations performed under t h i s  con- 
t r a c t  were presented a t  two conferences. 
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